The fatigue strength of a nickel-base superalloy, Inconel 718, was investigated at room temperature under an ultrasonic frequency (1 9.5 kHz) loading in ambient air environment. The endurance (S-N) data show that fatigue strength was enhanced at ultrasonic frequency as compared to those at conventional frequencies. Small crack initiation and propagation behavior was observed during the fatigue progress at both ultrasonic fatigue and conventional rotary bending fatigue. The effect of frequency on the fatigue fracture mechanism was examined from a microscopic viewpoint.
Introduction
The strength reliability of engineering structural materials employed in aerospace and nuclear industrial applications after exposing in service for more than 10 years or more has been questioned, because the traditional fatigue limits that were obtained under fatigue tests up to 10' cycles are difficult to be ever used as criteria for the strength design of these materials.['." Therefore, the fatigue properties of materials in the life range beyond lo7 cycles are of much interests to machine designers and material engineers. However, investigation of fatigue properties at high cycle regime is extremely time consuming by using conventional fatigue testing method. In this case, ultrasonic testing method may be an effective choice for the possibility of time saving at ultrasonic frequency. Nevertheless, ultrasonic testing method can also be used to investigate the effect of frequency on high cycle fatigue properties, which is of great significance to the design and maintenance of machines and components operating at high speeds, such as jet engines and gas turbine engines. Unfortunately, information on ultrasonic fatigue of metals is far from abundance in contrast to the data available for conventional fatigue of metals and the nature of ultrasonic fracture has not been well understood.[3341 For example, frequency effect was reported in some metals and various interpretations such as internal friction and damping properties of materials as well as the slip-band formation were supposed r e~~o n s i b l e . [~.~' However, an adequate theoretical explanation is not yet available because fatigue is a much complicated phenomenon and is easily influenced by both material and environmental factors.
The objective of the present study is, therefore, to investigate the fatigue strength and fracture mechanism of a nickel-base superalloy Inconel 71 8 under ultrasonic frequency fatigue at room temperature in order to examine the effect of frequency on small crack initiation and propagation properties in the alloy.
Material and Experimental
The material used was a nickel-base superalloy Inconel 71 8. The chemical composition (wt%) of the alloy is 0.03C, 0.05Si, 0.06Mn, 0.008P, 0.002S, 18.5Cr, 3.08M0, 0.27C0, 0.02Cu, 0.55A1, 0.96Ti, 19.18Fe, 0.004B, 5.03 Nb and Ta, and remainder Ni. The alloy was solution treated at 982" for 1 h, water quenched, then aged at 720" for 8 h, furnace cooled to 62 1" and aged at 62 1" for 8 h followed by air-cooling. The microstructure after heat treatment is presented in Figure 1 .
The mean grain size was approximately 9 pm. The mechanical properties at room temperature were 1320 MPa of 0.2% proof stress and 1460 MPa of ultimate strength.
Ultrasonic fatigue specimen, as shown in Figure 2a , was designed to generate a longitudinal resonance vibration at a frequency of 19.5 kHz, leading to a sinusoidal cyclic loading passed onto the specimen with the maximum strain or stress amplitude produced in the center of the specimen and the maximum displacement at its end. Conventional rotary bending fatigue specimen, as shown in Figure 2b , was also employed to investigate the influence of loading frequency on the fatigue strength and fracture mechanism. Prior to fatigue testing, all the specimens were electro-polished to remove surface layer by -20 pm (i.e., 40 mm in diameter). The observation of fatigue damage and the measurement of crack length were conducted directly under a scanning electron microscope (SEM) or under an optical microscope using plastic replicas. The crack length, I, was measured along the circumferential direction on the specimen surface. The stress value referred to is either the maximum stress amplitude, om,,, for tests under ultrasonic frequency loading or the nominal stress amplitude, o,, for tests under rotary bending loading, at the minimum cross section of the specimens.
Ultrasonic fatigue tests were performed in a pulsed manner with pulse length of 25-50 ms and pauses between 1000-2000 ms. Temperature of in the center of specimens was controlled below 50°C. The displacement at the end of specimens was detected using a laser displacement gauge with a resolution of 10 nm. The maximum stress amplitude, om,,, was calculated from the measured displacements and Young's modulus, following an analytical s~lution.'~] The resonance frequency was maintained using a phase lock loop circuit.[81 The conventional fatigue tests were conducted using Ono-type rotary bending fatigue testing machine with a capacity of 100 Nm, operating at -55 Hz. All of the fatigue tests were carried out at room temperature in an ambient air environment and at a load ratio of R = -1.
Results and Discussion
Endurance (S-N) curves specimen. Instead, the fracture surface of ultrasonic fatigued specimen shows promptly the presence of intense slip bands and the fractographic feature is more brittle predominated, in contrast to the tensile fracture surface of the conventionally fatigued specimen (Figure 7b ). The difference in the fracture surfaces indicates that fracture mechanism under ultrasonic frequency fatigue is different from that under conventionally low frequency fatigue. Considering the considerable delay in the initiation and early propagation of small cracks as well as the catastrophic rupture occurred at ultrasonic frequency loading (Figure 6 ), it is necessary to investigate the growth behavior of small cracks, especially in the surface length range of -20-1 000 ym, at their different growth stages under ultrasonic frequency. Fractographic features in the neighbor of crack initiation area, as indicated in Figure 8b , are typical of tensile fracture. It was assumed that at ultrasonic frequency, the plastic deformation per cycle is reduced drastically because sufficient time for plastic deformation during a cycle is not availab~e,"~" in other words, the driving force at crack tips is decreased due to high frequency such that the early crack propagation is delayed ( Figure 6 ). About 40-50% of fatigue life was spent in the second stage, which contributes largely to the strength enhancement in ultrasonic frequency fatigue.
The unstable growth of small cracks in the range of surface length beyond -500 pm or longer consists of the third stage of fracture at ultrasonic fatigue, as shown in Figure 8c . The nature of fracture at this stage is apparently different from that of conventional fatigue fracture. Intense transgranular slip bands mixed with intergranularly fractured slants, implying that the fracture at this stage is brittle-dominated, mark the fracture surface. Although it is difficult to character the fracture mechanism involved in this unstable fracture process, it is believed that crack growth is accelerated due to the brittle-dominated fracture nature at this stage. The fatigue life spent in the third stage is less than 5-10%. Figure 8d shows striations observed on the fracture surface near the final fracture area. As seen from Figure 8d , the spacing of striations is similar to that found in low frequency loading. However, the load at ultrasonic frequency is applied by -400 times faster than at low frequency loading, so that cracks grow at a velocity of -400 times faster under ultrasonic frequency than under conventional low frequency fatigue, therefore, ultrasonic fatigue has also been termed ~a t a s t r o~h i c . ' '~~
Conclusions
1. Fatigue strength of Inconel 718 up to lo9 cycles was enhanced under ultrasonic frequency fatigue.
2. The initiation and early propagation of small cracks in the surface length range of -30-50 pm were considerably delayed under ultrasonic frequency fatigue, which contributes mainly to the strength enhancement of the alloy.
3. Intense transgranular slip bands mixed with intergranularly fractured slants, implying that the nature of fracture is brittle-dominated, mark the fracture surface of ultrasonically fatigued specimens indicating that the fracture mechanism in ultrasonic fatigue is apparently different from that in conventional frequency fatigue.
